Lactic acid was continuously produced from raw starch using a combination of a reversibly soluble-autoprecipitating amylase (D-AS) depending on pH and Lactobacillus casei entrapped in ic-carrageenan. Lactic acid was produced continuously by a novel reactor system, which consisted of a turbine-blade reactor with a cylindrical stainless steel net, a mixing vessel, and a separation vessel. The gel beads with entrapped lactic acid bacteria were held on the cylindrical net equipped in the main reactor throughout cultivation. D-ASwas separated continuously from a solution containing lactic acid by self-sedimentation in the separation vessel and it was returned to the main reactor for repeated use. In the continuous lactic acid production from raw starch, the lactic acid productivity was 3.1g/l/hr at a dilution rate (D) of O.lhr"1 and the value was about 3.1 times higher than the average of the repeated batches of lactic acid production. Although the enzymatic activity of D-AS is inactivated due to insolubilization of the enzyme by KC1 accumulated during the control of pH in the reactor, it is possible to recover the enzymatic activity by replacing a part of the old broth with a new one. This continuous production system using the novel reactor system maybe widely applicable to the production of useful materials from solid substrates with other microorganisms for fermentation than lactic acid bacteria.
In simultaneous saccharification and fermentation of starchy raw materials, the liquefaction and saccharification steps of raw materials with enzymesare a major rate-limiting stage rather than the fermentation by microorganisms.1>2) Thus, pre-cooking, which requires 30^40% of the total cost3-5) is necessary for effective liquefaction and saccharification of raw materials. To reduce the cost of cooking, some amylases capable of direct hydrolysis of uncooked starch have recently been investigated.6~8) One of the methods for stabilization and reuse of these amylase is their immobilization on an insoluble carrier (polysaccharides, ceramic etc.). However, when substrates are insoluble or of high molecular weights, the apparent activity of such an immobilized enzyme decreases by limitation of diffusion of the substrates within the carrier.9) Moreover, 479 continuous use of the immobilized enzymes in the packed beds is difficult because of clogging of the substrate. Whenthe solid enzymeswere used in fluidized beds, destruction of gels would take place. To overcome these disadvantages, we proposed previously2'i0) a new immobilized amylase (D-AS), that is, a raw-starch-digesting amylase was immobilized on a reversibly soluble-autoprecipitating (S-AP) carrier depending on pH. Weused the reversibly S-AP amylase for the repeated batch and continuous production of ethanol from raw starch by a combination of D-AS and a flocculating yeast. 2'10) In this article, we report on the continuous production of lactic acid from raw starch with a novel reactor system using D-AS 5.5) . The immobilization of the enzyme was done under sterile conditions.
Microorganism and culture medium. The microorganism used for lactic acid production was Lactobacillus casei LI00. The microorganism was cultivated in a basic medium containing 0.5% polypepton (Daigo Eiyo Co.), 0.2% yeast extract (Oriental Yeast Kogyo Co.), 0.2% KC1, 0.05% sodium acetate, and 0.05% MgSO4à"7H2O.The pH of the basic mediumwas adjusted to 5.5. The carbon source was 2% glucose for the seed culture. The medium and glucose solution were sterilized separately by autoclaving at 121°C for 15 min. Rawstarch (corn starch powder) was sterilized by incubating in a oven at 105°C for 12hr. Scientific Industrial Co.) at 30°C for 1 hr.
Reactors. Twokinds of reactor were used in this study. One was the cylindrical one (working volume: 300ml) with a conical bottom reported previously2) for repeated batch saccharification of raw starch and repeated batch lactic acid production from raw starch. Another was a novel reactor system for continuous lactic acid production. The schematic diagram of the reactor is shown in Fig. 1A . The system had: the main reactor, 1, with working volume of 1,000 ml; the mixing vessel, 2, with working volume of 150ml; and the separation vessel, 3, with working volume of 250ml. The main reactor (Sakura Seiki Co., Sakura Bioreactor TBR-2) was equipped with an impeller with eight turbine blades (c in Repeated batch saccharification of raw starch was done using a cylindrical reactor with a conical bottom. D-AS was dissolved in 0.1m acetate buffer (pH 5.5) at a concentration of 1.0g-protein/l. Six percent raw starch suspended in 0.1 m acetate buffer (pH 5.5) was hydrolyzed at 30°C in the reactor. The procedure for re-use of D-AS was done as described prevously:2) At the end of each batch reaction, the pH of the reaction mixture was adjusted to 4.0 by addition of 1 n HC1 solution and simultaneously the supply of nitrogen gas was stopped. The reaction mixture was left for lOmin for settling insoluble D-ASat the conical bottom of the reactor. The clear glucose solution produced above the sedimenting layer of D-AS was removed. Here, the volume (240 ml) of glucose solution withdrawn was about 80%of the total reaction volume. After re-dissolving the insoluble D-AS by adding 1 n KOH solution, the next hydrolysis reaction was started by supplying a fresh substrate suspension. Repeated batch production of lactic acid from raw starch was done by adding 50ml of gel of the immobilized lactic acid bacterial cells per liter of the mediumto the repeated batch saccharification process, and by using the basic medium (pH 5.5) instead of0.1 m acetate buffer (pH 5.5).
The pH of the mediumwas kept constant at 5.5 by adding a 1 n KOHsolution with a peristaltic pump connected to a pH controller. The reason that the KOH solution was used as the basic reagent here was to keep the physical strength of the gel beads high by adding potassium ions throughout the cultivation. The other procedure for re-use of the immobilized cells as well as D-AS were similar to those for the repeated batch process described previously.2) 481 Continuous lactic acidproduction. Continuous lactic acid production from raw starch was done using the reactor shown in Fig. 1 by a combination of D-AS and the immobilized cells in the basic medium (pH 5.5) containing 6%raw starch. The gel beads entrapping the bacterial cells were added at a level of 50ml of gel per liter. The pHs in the main reactor and mixing vessel were kept at 5.5 and 4.0, respectively. For a primary step of the start-up of continuous production, a batchwise operation was done for 24hr and then the continuous lactic acid production was done at a dilution rate (D) of0.1hr"1 by supplying fresh medium containing 6% raw starch. The other conditions were similar to those for the repeated batch production of lactic acid.
To remove KC1 accumulating in the reactor, the feed was stopped and the culture mediumin the mixing and separation vessels was returned to the mainreactor. Then the pH of the mediumin the main reactor was adjusted by adjusting the pH of the medium in the reactor to 5.5 and the next continuous production was started under the same conditions as the first continuous operation.
Analytical methods. Glucose was assayed using a Glucose-C-Test kit (Wako Pure Chemical Industries Co.). Protein was measured by the method of Lowry et al.12) using bovine serumalbumin as a standard. The lactic acid produced was measured by the method of Barker13) using /?-phenylphenol. The number of living cells in culture medium and within gel beads was counted by the drop-plate method. In the case of gel beads, the number of living cells was measured after a bead was dissolved by incubating it in 20ml of physiological saline for about 30min at 2^°C. The number of living cells within the gel beads was expressed as the number of cells per ml of gel beads. The amount ofKC1 accumulated in the reactor was calculated on the basis of the amounts of KOHand HC1 added for controlling the pH and the dilution rate.
Results and Discussion
Preparation of immobilized enzyme To prepare highly active S-AP amylase, some conditions for immobilization were further investigated on the basis of the results reported previously.2) Figure 2 shows the amount of enzyme protein immobilized per gram of AS starch and repeated batch production of lactic acid from raw starch were done using the reactor with a conical bottom as described previously.2) Figure 4A shows the repeated batch saccharification of 6% raw starch by re-use ofD-AS. D-ASwas recovered after each batchwise reaction by self-sedimentation in the reactor. No or little decrease in concentration of glucose produced was observed when the number of reaction cycles increased. The amount of glucose produced in the fifth batch reaction was about 89%of that in the first one.
The total quantity of glucose obtained from 90g (18gx5) of raw starch through 5 batch reactions was about 79.8g. The amount of D-AS recovered after the fifth batch cycles of the saccharification was about 92% of the initial amount, judging from the amount of enzyme protein remaining in the reactor. The slight loss of D-AS was attributable mainly to incomplete recovery of insoluble D-AS by sedimentation.
Therefore, it was found to be possible to recover D-AS almost completely by sedimentation methodfor repeated use. Figure 4B shows the repeated batch Fig. 4 . Repeated-Batch Production. Every 48 hr, the volume (240ml) of the product solution which corresponds to 80%of the total reaction volume was withdrawn as described in Materials and Methods. A: repeated saccharification of 6% raw starch using D-AS. Continuous lactic acid production from raw starch To improve the productivity of lactic acid further rather than the repeated batch production of lactic acid, the continuous lactic acid production from raw starch by a combination of D-AS and the immobilized lactic acid bacterial cells was done using the reactor (Fig. 1A) . The cultivation was done in a batch operation for 24 hr, and the continuous operation at 0.1 hr"1 ofD followed after that.
Taking account of the effects of KC1 accumulated during the cultivation operation on the activity of D-AS, the medium containing KC1was replaced by fresh medium at 240hr as described in Materials and Methods. Figure 5 shows the results of the continuous lactic acid production. In the batch operation for 24hr, the glucose accumulated gradually for the initial period. However, with lactic acid bacterial cells, the glucose produced in saccharification of raw starch was gradually converted to lactic acid. The quantity of lactic acid produced at the end of the batch operation was 40.5g/1.
After the change from batch operation to continuous culture, the glucose accumulated in the reactor decreased and little or no glucose was detected after 48hr of culture. Therefore, the saccharification of raw starch by D-AS was found to be the rate-limiting step in the lactic acid production from raw starch, as in the repeated batch production.
After 24hr, the lactic acid concentration was decreasing rapidly and reached a minimum value of 23.4g/1 at 30hr. Then, the value increased gradually and stayed at about 31 g/1 between 72 and 144hr. In this stationary phase, the lactic acid concentration of about 31 g/1 corresponds to average lactic acid productivity of about 3.1 g/l/hr, which is 3.1-fold higher than that of the repeated lactic acid production (see Fig. 4B ). In the continuous culture, raw starch and D-AS were not observed in product solution. The amount of accumulated KC1increased with culture time as shown in Fig. 5 . Since the KC1concentration became 75g/1 at 240hr, which reduced the D-AS activity to about 70% of the maximum value (see Fig. 3 ), the KC1 was removed. After the removal of KC1, the quantity of lactic acid produced recovered to the level of about 26 g/1.
On the other hand, the number of living cells in gel beads remained almost constant during the cultivation and averaged 1.2 x 109 cells/mlgel (data not shown). Also, the number of living cells in medium was constant at 1.6 x 106cells/ ml-mediumin the early stage of continuous culture, and then increased gradually to 1.0 x 107 cells/ml-medium in the end of cultivation (data not shown).
In conclusion, a novel reactor system equipped with a main reactor with fermentation and agitation spaces, a mixing vessel, and a separation vessel was proposed. Using the reactor system, it was possible to produce lactic acid continuously from raw starch by a combination ofa reversibly S-AP amylase, that is, D-AS and immobilized lactic acid bacterial cells. Moreover, D-AS was separated continuously from a solution containing lactic acid by self-sedimentation in a separation vessel and was used repeatedly. By replacing the liquid part of the old broth where KC1 was accumulated by a new one, the activity of the D-ASwas restored almost perfectly. Wecan expect that the continuous production from raw starch is possible by removing KC1 at intervals when the accumulation of KC1 is detected. The simultaneous saccharification and fermentation system using the novel reactor system is expected to be applied to the conversion of solid substrates (raw starch, cellulose etc.) to various valuable substances by a combination of a reversibly S-AP enzyme for saccharification and immobilized microorganisms for fermentation.
